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A prevailing view on the pathogenesis of atherosclerosis has focused on abnormalities in lipid metabolism 1 . However, it has subsequently become clear that inflammation is also central to this pathology 2, 3 . Whereas the engagement of innate and adaptive immune response in atherogenesis has been clearly shown 2, [4] [5] [6] , the mechanisms that link metabolic input to immune output still remain poorly understood. Studies in the past decade have established that macrophages and other immune effectors, such as lymphocytes, neutrophils and mast cells, migrate to vascular lesions during the course of atherosclerosis. Similarly, in obesity, the adipose tissue also attracts immune cells 4, [7] [8] [9] [10] [11] , which contribute to chronic inflammation-a hallmark of obesity and chronic metabolic disease 6 .
Much remains unclear about the mechanisms involved in this chronic, low-grade immune response, but its clinical importance is now widely accepted. In obesity, this metabolically driven immune response probably represents a unique phenomenon that I will refer to as 'metaflammation' 6 . In all conditions featuring metaflammation, whether it occurs in the obese adipose tissue or in atherosclerotic plaques, a remaining and crucial gap in our understanding is the mechanistic basis by which metabolic signals modify immune effectors or signaling networks to elicit the unusual chronic inflammatory responses. Here I will primarily discuss a key immune cell-the macrophage-and its involvement in lipotoxic responses during atherosclerosis, focusing on its role in pathogenesis through alterations in the endoplasmic reticulum (ER).
ER stress in atherosclerosis
Under conditions that challenge ER function, particularly folding capacity, the ER mounts an adaptive response-the unfolded protein response (UPR)-as a protective mechanism 12, 13 . In eukaryotic cells, three ER-associated proteins are crucial during the UPR: PKR-like eukaryotic initiation factor 2α kinase (PERK), inositol-requiring enzyme-1 (IRE1) and activating transcription factor-6 (ATF6). In a stress-free ER, these three transmembrane proteins are bound by a chaperone, BiP (also known as GRP78), in their luminal domains and rendered inactive 12, 13 . Accumulation of improperly folded proteins and increased protein cargo in the ER results in oligomerization and activation of PERK and IRE1, at least in part owing to resolution of interactions with BiP, and their engagement of downstream signaling pathways 12, 13 .
In broad terms, the UPR has three arms: (i) PERK phosphorylates eukaryotic initiation factor-α (eIF2a) to suppress general protein translation 12 ; (ii) IRE1 activation leads to recruitment of several signaling molecules that can engage inflammatory and survivalrelated signals, and activation of its RNase function leads to splicing and production of an active transcription factor called X boxbinding protein 1 (XBP-1) 13 ; and (iii) ATF6 translocates to the Golgi apparatus, where it is processed by two proteases to produce an active transcription factor 14 . Together, these three arms of the UPR act together to reduce general protein synthesis, facilitate protein degradation and increase folding capacity to resolve ER stress (Fig. 1) . But, if unsuccessful, they can also lead to cell death 12 .
There are several ways in which ER function may influence the course of atherosclerosis. First, there is a direct connection between lipid metabolism and the UPR, as many key lipogenic pathways are situated in the ER 15 . For example, XBP1 has a role in ER phosphatidylcholine synthesis and ER membrane expansion 16 . The existing data support the view that ER stress promotes lipogenesis and hepatic lipid accumulation, although how individual UPR branches are engaged in this activity remains unclear [17] [18] [19] [20] . Chemical or molecular resolution of ER stress can prevent hepatic lipid accumulation and facilitate lipoprotein secretion [21] [22] [23] . Conversely, altering phospholipid metabolism by inhibition of phospholipid synthesis or through increasing phospholipase activity exacerbates ER stress responses, and sphingolipid levels can influence the proper function of the ER 24, 25 .
Second, ER stress leads to abnormal insulin action and promotes hyperglycemia through insulin resistance, stimulation of hepatic glucose production and suppression of glucose disposal. From a metabolic perspective, hyperglycemia, hyperinsulinemia or both may serve as a bridging mechanism between obesity, type 2 diabetes and atherosclerosis 15, 17 . ER stress may also be linked to the production of inflammatory mediators and reactive oxygen species, which are detrimental for insulin action, lipid metabolism and glucose homeostasis 3 . It is worth mentioning that an inflammatory environment can also compromise ER function, having a negative impact on metabolic homeostasis and promoting further stress and inflammation.
Third, ER stress drives free cholesterolinduced cell death in macrophages, in a model of cellular free-cholesterol loading 26 . So, the ER may sense stresses related to lipid status and exposure, relaying this information to pathways related to inflammation and death, at least in some cell types that are crucial in the course of the disease 3, 26 .
Last, the ER can have an important role in adaptive immunity and major histocompatibility complex (MHC)-associated antigen presentation [27] [28] [29] . ER stress, particularly induced by an excess of saturated fats, and activation of UPR can impinge on the adaptive immune system by reducing the processing and presentation of MHC-1-associated peptides 27 . As mentioned above, there is ample evidence to suggest that the immune system has a dominant role in atherosclerosis, and ER stress-driven autoimmune events may be contributing factors [27] [28] [29] .
Macrophage ER stress and atherosclerosis
Macrophages are crucial in the host defense against pathogens 30 . Although this process is vital for tissue homeostasis, prolonged macrophage activity can contribute to tissue damage 5 . Macrophage recruitment to atherosclerotic plaques and adipose tissue (or other organs such as the liver and pancreas) can thereby contribute to the pathogenesis of atherosclerosis and diabetes, respectively. Understanding the mechanisms that lead to activation of these cells may present opportunities for new therapeutic interventions in metabolic diseases 3 .
In addition to engulfing superfluous cellular material, macrophages also handle hazardous lipid cargo in the form of modified lipoproteins and saturated fatty acids. Macrophages are particularly vulnerable to lipid-induced toxicity in the setting of metabolic diseases such as diabetes and hyperlipidemia, where the lipid concentration, composition or both are altered 26, 31 . Exposure to such a lipotoxic milieu leads to an adaptive stress response from macrophages, which may eventually drive these cells toward apoptosis. The fate of lipids, particularly cholesterol, is a key determinant of the beneficial or harmful effects of local vascular macrophages. For example, if macrophages assist in the removal of cholesterol from the vessel wall, the result might be beneficial. However, deposition of cholesterol and other lipids can also cause stress and eventually may lead to the death of these cells and to the release of their highly perilous cargo. Similarly, in obesity, macrophages can engulf fatty acids and dying adipocytes with voluminous lipid content. This may be useful early on, but it gradually compromises macrophage function, driving the cells to stress, inflammation and death.
At the later stages of disease (whether atherosclerosis or obesity), macrophage death is generally assumed to have deleterious consequences, such as the rupture of vascular plaques and excess inflammatory environment with exacerbated metabolic dysregulation. It will therefore be important to develop chemical or molecular tools to explore the role of macrophages at different stages of metabolic disease. Would death of macrophages early on during atherosclerosis be beneficial (by preventing inflammation) or detrimental (by preventing clearance of vascular lipids)? Is macrophage survival a prerequisite to prevent plaque rupture? How could one develop strategies to exploit macrophage function for potential treatments? These questions warrant further research.
Perhaps a way to approach the above questions lies in understanding better the toxic effects of lipids-that is, addressing whether the lipotoxic responses and the cell death they induce are signaled through specific molecular pathways, or whether lipotoxicity represents a nonspecific demise of cellular function and viability. If there are specific pathways, then there might be opportunities to manipulate them. In recent years, genes involved in ER stress and the related signaling networks have emerged as potential loci where the metabolic signals engage the inflammatory and stress-signaling networks that are central to metabolic dysfunction in obesity and type 2 diabetes 15, 17 . These observations raise the possibility that ER stress may be a target for lipotoxicity.
Two additional key observations have stimulated interest in the relevance of ER stress on macrophage function and survival as it relates to atherosclerosis. First, ER stress response pathways are activated in lipid-laden mac- Golgi Figure 1 Canonical unfolded protein response. The unfolded protein response (UPR) results in the inhibition of translation, facilitated protein degradation and production of ER chaperones and other molecules that restore the ER folding environment. These activities are signaled through three UPR sensors-PERK, IRE1a and ATF6-that mediate the canonical response pathways. PERK phosphorylates eIF2a to attenuate general protein translation. It can also regulate the activity of several transcription factors such as ATF4, ATF3 and nuclear factor E2-related factor-2 (Nrf2). Upon autophosphorylation, the RNase activity of IRE1a results in the production of spliced and active XBP-1, leading to the expression and production of ER chaperones and components of the ER-associated degradation (ERAD) process. ATF6 moves to the Golgi apparatus, where it is proteolytically processed to generate an active transcription factor (ATF6(N)) that stimulates the expression of chaperones and XBP-1. There may be additional and unknown aspects of UPR, especially related to the sensing of nutrients and mediation of metabolic adaptations. ERO1, endoplasmic reticulum oxidoreduction-1. volume 16 | number 4 | April 2010 NATuRE MEdiCiNE rophages in rodent and human atherosclerotic lesions at different stages of the disease [31] [32] [33] . Second, in vitro treatment of macrophages with excess cholesterol leads to acute induction of ER stress, and these mechanisms can drive macrophage apoptosis induced by free cholesterol 31 . What, then, is the role of macrophage ER stress in atherosclerosis? The answer to this question is likely to be multifaceted and to reside in the stage-specific involvement of different cell types and metabolic pathways in atherosclerosis. Much of current knowledge relates to the later stages of the disease, where macrophage ER stress and the related apoptotic responses in these cells may have a role in plaque vulnerability and acute cardiac death 26, [31] [32] [33] . In a similar vein, ER stress and UPR are connected to insulin action, at least in part, by IRE1-mediated c-Jun N-terminal kinase (JNK) activation 17, 34 . And, in macrophages, defective insulin action has been related to advanced atherosclerotic lesions, potentially through elevation of ER stressassociated macrophage apoptosis 26, 35 .
However, alternative roles for macrophage insulin resistance in atherosclerosis have also been proposed 36 . Perhaps a useful paradigm to use in studying the role of ER stress in macrophage death and atherosclerosis would be exploring the pathways that control upstream UPR sensing and overall ER folding capacity versus downstream effectors that execute death signals at different stages of the disease. In this context, there have been suggestions of a dual impact of macrophage apoptosis at the various stages of atherosclerosis-that is, macrophage apoptosis promotes early lesion formation but prevents plaque progression at later stages 37 .
Multiple studies show modulation of signaling events that could have a role downstream of ER stress or upstream of macrophage apoptosis, such as CCAAT box-binding enhancer protein homologous protein (CHOP, also known as GADD153), JNK2, signal transducers and activators of transcription protein-1 (STAT1), p38 mitogen-activated kinase or glycogen synthase kinase-3, can alter the progression of atherosclerosis [38] [39] [40] [41] [42] (Fig. 2) .
Collectively, these studies support the idea that macrophage apoptosis and inflammation contribute to the etiology of atherosclerosis, particularly the composition and stability of plaques. However, it is clear that ER stress also emerges in early vascular lesions 33 . Hence, modulation of ER stress, especially upstream of the apoptotic execution pathways, becomes crucial in understanding the extent of its contribution to the pathogenesis of atherosclerosis and whether such events affect macrophages or other aspects of disease pathogenesis, such as liver lipid and lipoprotein metabolism and secretion. Recently, through efforts to modify ER folding capacity, clues that may help to answer these questions have started to emerge.
It has been shown that ER stress can be mitigated by chemical or molecular strategies in chronic metabolic disease, yielding strong preclinical efficacy against obesity, type 2 diabetes and hepatosteatosis 17, 22, 23, 43 . These discoveries have set the groundwork for interrogating the role of ER stress in atherosclerosis at various stages. In a recent study, administration of a chemical chaperone, phenyl butyric acid, to a genetic model of hypercholesterolemic atherosclerosis associated with apolipoprotein E deficiency resulted in a reduction in the overall vascular lesion burden and in lipid-induced macrophage apoptosis in vitro and in vivo 44 . Notably, lipid-induced ER stress and apoptosis of cultured macrophages was also mitigated by treatment with a compound that can enhance ER folding capacity, an effect that involved an unexpected, but strong, suppression of the macrophage lipid chaperone aP2 (ref. 44 ). Hence, aP2 seems to be an obligatory mediator that couples toxic lipids to ER stress in macrophages in vitro and in vivo 44 . Accordingly, inhibition or genetic deletion of aP2 alleviated macrophage ER stress and substantially protected mice against atherosclerosis acting upstream of apoptotic pathways [44] [45] [46] . These observations support the idea that ER function affects overall vascular lesion development, and they point to aspects of atherosclerosis that reside outside of a role for cell death but include a broader role for ER stress.
These findings also suggest that lipotoxic signals can engage specific pathways to generate their effects in macrophages, and possibly in other cells. Furthermore, they indicate that, although different types of stressor all trigger ER stress by activating the known UPR branches, the coupling of lipids to ER function may potentially involve distinct and unique mechanisms. In the case of aP2, such mechanisms involve activation of an adaptive de novo lipogenic program in macrophages Macrophage ER stress in inflammation and apoptosis. In atherosclerosis and obesity, excess lipids such as saturated fatty acids or free cholesterol, homocysteinemia, hypoxic stress and other inflammatory and toxic signals can stimulate ER stress and activate the UPR. An upstream mechanism that links these toxic lipids to ER stress involves the action of lipid chaperones through inhibition of LXRα and suppression of a protective lipogenic program that enriches the cells in monounsaturated fatty acids such as palmitoleate (C16:1n7-palmitoleate). Once the cells are committed to death as a result of unresolved ER stress, several well-characterized mechanisms that involve the PERK and IRE1 branches of the UPR act to mediate macrophage apoptosis. These involve association of Bax/Bak with IRE1, activation of JNK, activation of calmodulin kinase II (CaMK-II) owing to abnormal Ca 2+ fluxes, and a PERKmediated increase in CHOP levels and activity. Other factors such as insulin resistance, production of reactive oxygen species (ROS) and nitric oxide (NO) production could also contribute to the apoptotic and inflammatory responses. The apoptotic and inflammatory responses may also involve activation of p38 and STAT1, although the links to specific UPR sensors are not entirely clear. The role of the ATF6 branch of the UPR in macrophage function or atherosclerosis remains unknown. p38 MAPK, p38 mitogenactivated kinase. SCD-1, stearoyl-CoA desturase-1.
through the regulation of major lipogenic enzymes, such as fatty acid synthase and steaoryl CoA desaturase, by the liver X receptor-α (LXRα) 44 . This results in the production of desaturation products such as C16:1n7-palmitoleate, a molecule that itself provides relief from lipid-induced ER stress in macrophages, in addition to its reported endocrine effects on liver and muscle 47 . As a result, macrophages lacking aP2 have substantially higher monounsaturated fatty acid levels and a higher phospholipid-to-cholesterol ratio. These lipid compositional changes may be associated with beneficial changes in the physiochemical properties of cellular membranes when they are exposed to saturated lipids. As the main metabolic culprits in atherosclerosis are lipids, understanding the mechanisms involved in lipid-induced ER stress may provide major insights into disease pathogenesis and potentially uncover unknown aspects of ER biology and the UPR pathway.
It will be fascinating to explore whether specific lipid species are involved in engaging, negatively or positively, ER stress pathways, or are produced during the UPR to regulate nuclear hormone receptor activity or other lipid-responsive molecules. Further studies, using new genetic or chemical models, to modify ER folding capacity upstream of the apoptotic signaling molecules are also needed to define the role of ER stress and UPR branches in different aspects of atherosclerosis, as well as to find how such pathways can be exploited for new therapeutic strategies against this disease. Such studies could also reveal whether the canonical UPR mediators produce their effects only by modifying ER function or through additional pathways that are independent of ER stress.
Multiple cardiovascular disease risk factors, including inflammation, hyperlipidemia, hyperhomocysteinemia and insulin resistance, can lead to the development of ER stress in atherosclerotic lesions 3, 26, 48 . The role of ER stress in atherosclerosis is not likely to be related only to activation of apoptotic responses in macrophages but potentially also involves other aspects of macrophage biology related to lipid metabolism, inflammation and metabolic function. Furthermore, the impact of metabolically driven ER stress may not be limited to only macrophages, as other lesion cell types also show signs of ER stress 33, 49, 50 . It is unclear whether ER stress in other cells, such as endothelial or smooth muscle cells, or systemic metabolic alterations triggered by ER dysfunction contribute to the pathogenesis of atherosclerosis. Last, liver function is heavily influenced by the condition of the ER, with important implications for dyslipidemia. Further mechanistic research and the development of better genetic and chemical tools should assist in answering these challenging but crucial questions about metabolic regulation of ER function and UPR in atherosclerosis and facilitate the emergence of theraputic opportunities.
